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INTRODUCTION 


Gas turbine engines for future subsonic aircraft will probably have higher pressure ratios 
which require nickel-base superalloy disks with 1300 to 1400°F temperature capability. 
Several advanced disk alloys are being developed to fill this need. Under NASA’s AST 
Program, manufacturing technologies for two advanced disk alloys, were studied by a 
team representing four engine companies, GEAE, PWA, Allied Signal, and Allison. 
GEAE and PWA focused their attention on an advanced disk alloy suitable for large 
engine applications developed under NASA’s HSR Program, while Allied Signal and 
Allison opted to focus their attention on Alloy 10, a high strength nickel-base disk alloy, 
which was developed by Allied Signal for application in smaller gas turbine engines. 
Eight heat treat options for Alloy 10 were studied by Allison and Allied Signal The 
production, heat treatment, and initial evaluation, i.e. tensile and creep properties, of eight 
forgings of Alloy 10 were run under the AST Disk Program. However, due to funding 
limitations, fatigue and crack growth evaluation of the eight forgings were moved to 
NASA’s Ultrasafe Project. These properties are critical for safe operation of compressor 
and turbine disks. 

The results of the fatigue evaluation on Alloy 10, run under NASA’s Ultrasafe Project, 
are the subject of this report. Crack growth evaluation will be examined in a separate 
report. The eight heat treatments studied were designed to evaluate the effect of solution 
temperature, cooling rate, and stabilization on key mechanical properties of Alloy 10, 
including fatigue life. Two temperatures were studied, 750 and 1300°F, which represent 
projected application temperatures for the bore and rim locations in a disk. In addition to 
fatigue life, the cyclic stress-strain response and failure modes of the fatigue specimens 
are also reviewed in this report. 

MATERIAL AND PROCEDURES 

Alloy 10 is a high strength nickel-base superalloy, with a gamma prime content of about 
55%. Its composition is shown in Table I. Due to the alloy’s high gamma prime content it 
is generally produced using a powder metallurgy technique. For this study, argon 
atomized powder was produced from remelt stock by Special Metals Corporation, which 
was subsequently screened to —270 mesh, canned, and hot isostatically pressed (HIP) at 
2000°F and 15KSI for 3 hours. The HIP billet was then extruded at 2025°F using a 6:1 
extrusion ratio. After ultrasonic inspection, forging mults were cut from the extrusion and 
isothermally forged into “pancake” shapes about 14” in diameter and 2” thick by 
Wyman-Gordon. More details on the exact processing history can be found in Reference 
1 . 

Eight forgings were given different heat treatments, defined in Table II. As previously 
stated, these heat treat options were designed to study the effect of solution temperature, 
cooling rate, and stabilization. Solution temperatures were selected based on the gamma 
prime solvus, about 2160°F for Alloy 10, and were used to set alloy grain size. Three 
solution temperatures were employed, 2125, 2160, and 2190°F. These solution 
temperatures were intended to produce target grain sizes of ASTM 11, 8, and 5 
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respectively. The cooling rate from the solution temperature is known to impact 
mechanical properties and was therefore varied as follows. Fan cooling, which gives 
moderately fast cooling rates, was applied at all three solution temperatures. Faster 
cooling rates were also tried at 2125°F (oil quench) and 2160°F (1200°F salt bath 
quench) solution temperatures. A slow, controlled cooling scheme, in which a forging is 
cooled at an initial rate of 3°F per minute to 2160°F and then fan cooled, was also tried at 
the 2190°F solution temperature. This cooling scheme is designed to enhance grain 
boundary serrations which are thought to benefit dwell crack growth properties. The 
effect of a stabilization treatment, 1550°F for 4 hours, was studied for oil quenched 
forgings with the 2125°F solution treatment and fan cooled forgings with the 2190°F 
solution treatment. Stabilization treatments are used to minimize residual stresses, but 
are also known to impact mechanical properties by coarsening gamma prime precipitates 
and promoting the formation of C^Cg carbides. A final age, 1400°F for 16 hours, was 
also applied as the last step in all heat treatments. A more detailed description of the heat 
treatments can be found in Reference 1 . 

Fatigue tests were run on specimens of the design and orientation shown in Figure 1. As 
previously stated tests were run at 750 and 1300°F. All heat treat variants of Alloy 10 
were evaluated at 75 OF. At 13 OOF, only three heat treat variants with differing grain sizes 
were evaluated, identified as B2, El, and C2 in Table II. The choice of these three heat 
treat variants also spans the spectrum of tensile strength in this study. At the onset of 
testing, a strain-controlled, zero-tension waveform was employed with a frequency of 
Q.3HZL Based on disk requirements, target strain ranges of 0.6, 0.7, 0.85, and 1.4% were 
evaluated. After 24 hours, a 10HZ load-controlled waveform was employed during the 
remainder of the test using the stabilized loads established under strain control. All tests 
were run to failure. The fracture surfaces of selected specimens were examined with an 
SEM to determine failure modes. 

RESULTS AND DISCUSSION 

Microstructure. The heat treatments studied in this report produced a range of 
microstructures. As seen in Table III, the choice of solution temperatures resulted in grain 
sizes near the intended values for all heat treatments except Dl. The fine grain size of Dl, 
ASTM 12, indicates that the solution temperature never reached 2160°F and probably 
was closer to the subsolvus solution temperature, 2125°F. Higher solution temperatures 
promoted increased porosity levels as well as coarser grain sizes. At the highest solution 
temperature, 2190°F, porosity levels approached 1% and, as seen in Figure 2, appeared to 
be associated with grain boundary triple points. This suggests that much of the porosity 
may have been associated with incipient melting at the highest solution temperature. A 
small quench crack was also observed in one of the forgings solutioned at 2190°F, C2. 
However, a majority of the forging was crack free and utilized for mechanical testing. 
Differences in cooling rates and solution temperatures produced noticeable variations in 
the size of gamma prime precipitates as seen in Figure 3. As expected oil and salt bath 
quenching produced significantly finer gamma prime precipitates than fan cooling. 
Lower solution temperatures also promoted finer gamma prime precipitates. 
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Monotonic Properties. Before examining the fatigue results, a short review of tensile and 
creep properties from Reference 1 is warranted. Figures 4 and 5 compare tensile 
properties for the various heat treatments studied at 800 and 1300°F respectively. As one 
might expect, yield and tensile strength are significantly lower at 1300°F for all heat 
treatments. At both test temperatures, lower solution temperatures, which produce finer 
grain size, promoted higher strength. Faster cooling rates, which produce finer cooling y', 
also increase tensile strength at both test temperatures. Unlike other disk alloys, 
stabilization produced little change in tensile strength. Ductility levels for all heat 
treatments were similar at 800°F, about 20% for all heat treatments. However, at 1300°F 
ductility was clearly affected by solution temperature. Subsolvus solution conditions 
produced a significant decrease in ductility. Time to 0.2% creep, an important design 
consideration for disks, was also measured at 1300°F/100KSI and is plotted in Figure 6. 
Unlike tensile strength, creep testing showed higher solution temperatures, i.e. larger 
grain size, enhanced creep resistance. Further, stabilization was found to have a 
deleterious impact on creep resistance. This effect was more pronounced for the 
subsolvus solution cycle although the supersolvus solution cycle also exhibited a 
substantial loss in creep resistance with stabilization. In summary, the trends observed 
for tensile and creep properties were, for the most part, anticipated and clearly 
demonstrate the high strength potential of Alloy 10. 

Cyclic Deformation. The cyclic stress-strain response of Alloy 10 was found to be 
relatively stable for fatigue tests at 750 and 1300°F. Stress range versus strain range data 
for heat treatments B2, El, and C2, at cycle one and half life, are plotted in Figure 7. 
Recall that these three heat treatments span the range of grain size and tensile strength in 
this study. The difference in stress range, for a given heat treatment and strain range, 
clearly shows a decrease on going from 750 to 1300°F. However, for a given heat 
treatment and temperature, little change in stress range is noted between cycle one and 
half life at all but the largest strain range, 1.4%. At that strain range, there appears to be a 
small increase at 750 and 1300°F. A parabolic fit to the data in these plots is also shown 
in Figure 7 and summarized in Table IV. For completeness the 750F parabolic parameters 
for heat treats Bl, Cl, D2, Dl, and E2 are also included. If one plots the calculated stress 
range, from Table IV, versus alloy yield strength for a given strain range, the expected 
trend between the two is readily observed, Figure 8. 

Maximum stress versus strain range data for heat treatments B2, El, and C2, at cycle one 
and half life, are plotted in Figure 9. As with stress range, maximum stress levels clearly 
show a decrease on going from 750 to 1300°F for a given heat treatment and strain range. 
Maximum stress is also seen to increase with alloy yield strength, recall Bl, El, and C2 
represent heat treatments which give progressively lower yield strength. However, little 
change is seen between cycle one and half life, for a given heat treatment and 
temperature, except at the largest strain range. At that level, the maximum stress tends to 
increase at 750°F but decrease at 1300°F. This difference is undoubtedly due to the effect 
of creep at 1300°F. A linear fit to the data in these plots is also shown in Figure 9 and 
summarized in Table V. Once again the linear coefficients for all heat treatments at 
750°F are included in Table V for completeness. A plot of calculated maximum stress 
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level versus alloy yield strength, shown in Figure 10, also reinforces the trend between 
these two factors noted in Figure 9. 

The stability of the cyclic stress-strain response at all but the largest strain range is in part 
due to the fact that the inelastic strain at half life was quite small for these tests, less than 
.02%. At the largest strain range, 1.4%, inelastic strains were much greater as seen in 
Table VI. As one might expect, the level of inelastic strain tends to increase as alloy yield 
strength decreases and temperature increases. 

Fatigue Life. Test temperature was found to alter fatigue life of Alloy 10. At 750°F the 
eight heat treatments appear to fall into three groups as suggested by the three curves 
plotted with the data in Figure 11. The heat treatments with a subsolvus solution had 
significantly better fatigue lives than the heat treatments with a supersolvus solution. The 
fatigue life of the near solvus solution heat treatment, El, is intermediate. Note heat 
treatment D2 is considered a subsolvus heat treatment based on grain size result, Table 
III. While the data for the supersolvus heat treatments does show a small but consistent 
difference between D1 and E2, the heat treatments with a subsolvus solution show little if 
any differentiation as a result of cooling rate or stabilization. Based on this observation it 
would appear that grain size differences, not strength differences, is the dominant factor 
responsible for segregating the data at 750°F. This hypothesis is supported by 
fractographic examination of failure surfaces that showed a predominance of facet 
initiations at 750°F which mirror alloy grain size. Figure 12. 

At 1300°F, a comparison of heat treatments B2, El, and C2 suggests that fatigue lives for 
all three are similar above 0.6%, Figure 13. At 0.6% there is a significant spread in the 
data for heat treatments B2 and El, subsolvus and near solvus, but C2, the supersolvus 
heat treatment, has a low but consistent life around 25,000 cycles. These results indicate 
that grain size is not as important at 1300°F as it was at 750°F. In fact, fractographic 
examination of failure surfaces show porosity related initiation is more prevalent at 
1300°F, Figure 14, especially for heat treatment C2 which had the highest solution 
temperature. As previously stated, porosity level increased with solution temperature. 
These facts suggest that the fatigue life of Alloy 10 is relatively insensitive to 
microstructural features and strength differences at 1300°F, but porosity appears to be 
important especially at low strain ranges. This would not only explain the low life for the 
supersolvus heat treatment, C2, at 0.6%, but also accounts, at least to some degree, for 
the scatter in heat treatments El and B2, as the severity and frequency of pore formation 
decreases with decreasing solution temperature. The parabolic curve fit in Figure 13 is 
based on the pooled data for heat treatments El and B2 and is probably representative of 
pore-free Alloy 10 fatigue life at 1300°F. For completeness the parabolic parameters 
which define this curve are presented in Table VII along with those for the three curves 
used to describe the 750°F fatigue data. 

A meaningful comparison of Alloy 10 fatigue life at the two test temperatures can be 
made by examining the four parabolic curve fits and the 1300°F data points for heat 
treatment C2, Figure 15. At higher strain ranges the 1300°F fatigue life of Alloy 10 is 
similar to that of supersolvus Alloy 10 at 750°F, irrespective of heat treatment . As the 
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0. 6% strain range is approached the 750 and 1300°F fatigue lives of subsolvus Alloy 10 
begin to converge. Clearly comparison of 750 and 1300°F fatigue lives for supersolvus 
Alloy 10 is complicated by porosity issues at this strain range, and it would appear that 
porosity is limiting the 1300°F capability of Alloy 10. As HIP treatments are often used 
to reduce porosity, one could speculate that a HIP treatment might improve the fatigue 
life of supersolvus Alloy 10 at 1300°F, especially at lower strain ranges. This is clearly 
an area for future research. 

Before summarizing the effects of heat treatment on Alloy 10 fatigue behavior it is 
worthwhile noting that one is studying mean life in this paper. Minimum life, which often 
limits disk designs, is affected by the “rogue” pore, scratch, or inclusion and requires 
much more data than that obtained in this report. As an example, a “realistic” minimum 
data point can be seen in Figure 13, note the B2 data point at .85% (approximately 1000 
cycle life). Fractographic examination of the specimen revealed a surface inclusion at the 
initiation site, Figure 16. These issues are therefore as important as the heat treatment 
issues which are the subject of this paper. 

SUMMARY AND CONCLUSIONS 

As part of NASA’s Ultrasafe Project the fatigue properties of Alloy 10, a high strength, 
nickel-base disk alloy, were evaluated for eight heat treat options. These heat treatments 
were designed to study the effects of solution temperature, cooling rate, and stabilization. 
At 750°F, a typical bore temperature for disk applications, solution temperature was 
found to have the greatest impact on fatigue life. Lower solution temperatures produced 
longer fatigue lives. The improvement in fatigue life at lower solution temperatures was 
most likely produced by finer grain sizes at this temperature. At 1300°F, a fairly 
aggressive rim temperature, the fatigue life of Alloy 10 was found to be relatively 
insensitive to heat treatment at high strains. At lower strains, such as 0.6%, fatigue life 
was again affected by solution temperature, with lower solution temperatures yielding 
longer fatigue lives. However, in this instance porosity, which increased as solution 
temperatures increased, appeared to limit fatigue life at 1300°F. Application of high 
pressures, i.e. HIP treatment, especially at higher solution temperatures may alleviate this 
problem. 
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Table L Composition of Alloy 10 in weight percent. 


Cr 

Co 

A1 

Ti 

Nb 

Mo 

W 

Ta 

C 

B 

Zr 

Ni 

10.2 

EQ 

3.69 

3.93 

1.87 

2.73 

6.2 

0.9 

.03 

.03 

.10 

Bal 


Table II. Heat treatment. 


Serial 

Number 

Solution 

(2.5Hours) 

Cooling Rate 

Stabilization 

Code 

B1 

2125F 

Fan 

None 

SUB/FAN 

B2 

2125F 

Oil Quench 

None 

SUB/OIL 

Cl 

2125F 

Oil Quench 

1550F/4HR 

SUB/OIL/STAB 

D2 

2160F 

1200F Molten Salt Bath 

None 

NEAR/SALT 

El 

2160F 

Fan 

None 

NEAR/FAN 

D1 

2190F 

Fan 

None 

SUP/FAN 

C2 

2190F 

Fan 

1550F/4HR 

SUP/FAN/STAB 

E2 

2190F 

3F/MIN to 2160F then Fan 

None 

SUP/CONT 


Table III. Grain size and cooling y' size . 


Serial 

Number 

Code 

18551 HI 

ASTM Gain Size 

B1 

SUB/FAN 

0.3 

11.3 

B2 

SUB/OIL 

0.2 

11.5 

Cl 

SUB/OIL/STAB 

0.2 

11.5 

D2 

SUB/SALT 

0.2 

12.1 

El 

NEAR/FAN 

0.4 

7.7 

D1 

SUP/FAN 

0.4 

6.1 

C2 

SUP/FAN/STAB 

0.5 

6.4 

E2 

SUP/CONT 

0.5 

6.4 


Note: D2’s actual solution temperature was probably closer to 2025°F as it has the finest 
grain size of all heat treatments. Its code has therefore been changed to SUB/SALT. 
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Table IV. Regression results for parabolic fit of stress range data. 


Regression results for stress range at 75Q°F. 


Code 

Serial Number 

A 

B 

SUB/FAN 

B1 

326.91 

-52.00 

SUB/OIL 

B2 

318.81 

-38.71 

SUB/OIL/STAB 

Cl 

320.69 

-35.21 

SUB/SALT 

D2 

335.50 

-58.16 

NEAR/FAN 

El 

324.64 

-44.14 

SUP/FAN 

D1 

333.04 

-57.35 

SUP/FAN/STAB 

C2 

338.67 

-61.99 

SUP/CONT 

E2 

336.03 

-61.43 

STRESSranoe=A*S 1 
Regression results for 

rRAIN+B * STRAIN 2 
stress range at 1300°F. 

Code 

Serial Number 

A 

B 

SUB/OIL 

B2 

276.48 

-34.35 

NEAR/FAN 

El 

287.98 

-48.19 

SUP/FAN/STAB 

C2 

281.29 

-41.65 

STRESS R anci;=A*S': 

rRAIN+B * STRAIN 2 


STRAIN = % 

STRESS=KSI 

Table V. Regression result for linear fit of maximum stress data. 


Regression results for maximum stress at 750°F. 


Code 

w — . — . — — — 

Serial Number 

A 

B 

SUB/FAN 

B1 

155.14 

20.61 

SUB/OIL 

B2 

155.47 

27.28 

SUB/OIL/STAB 

Cl 

151.07 

33.86 

SUB/SALT 

D2 

155.43 

19.58 

NEAR/FAN 

El 

134.10 

38.20 

SUP/FAN 

D1 

132.61 

32.20 

SUP/FAN/STAB 

C2 

135.47 

30.11 

SUP/CONT 

E2 

133.13 

30.20 


STRESSmax-A+B* STRAIN 


Regression results for maximum stress at 13Q0°F. 


Code 

Sff..; — — — ; 

Serial Number 

A 

B 

SUB/OIL 

B2 

137.75 

30.20 

NEAR/FAN 

El 

131.41 

23.23 

SUP/FAN/STAB 

C2 

125.00 

27.34 


STRES Sm ax“ A+B * STRAIN 
STRAIN = % 
STRESS-KSI 
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Table VI. Inelastic strain at half life for fatigue tests run at 1.4% total strain. 


Code 

Serial 

Number 

Test Temperature(F) 


Inelastic 

Strain(%) 

SUB/FAN 

B1 

750 

173 

.12 

SUB/OIL 

B2 

750 

186 

.08 

SUB/OIL/STAB 

Cl 

750 

186 

.08 

SUB/SALT 

D2 

750 

177 

.12 

NEAR/FAN 

El 

750 

169 

.10 

SUP/FAN 

D1 

750 

164 

.16 

SUP/FAN/STAB 

C2 

750 

163 

.14 

SUP/CONT 

E2 

750 

161 

.14 

SUB/OIL 

B2 

1300 

175 

.15 

NEAR/FAN 

El 

1300 

157 

.21 

SUP/FAN/STAB 

C2 

1300 

153 

.19 


Table VII. Regression results for parabolic fit of fatigue life data. 


Heat Treat 

Temperature(F) 

A 

B 

C 

All Subsolvus 

750 

4.723 

-1.2840 

0.0979 

El 

750 

3.915 

-0.9043 

0.0478 

All Supersolvus 

750 

3.808 

-1.0555 

0.0788 

El &C2 

1300 

3.627 

-1.1350 

0.1060 


STRAIN RANGE=A+B*LOGio(Nf)+C*(LOGio(N f )) J 
STRAIN RANGE = % 

N f =LIFE IN CYCLES 
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FIGURE 3. COOLING GAMMA PRIME 
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FIGURE 8. STRESS RANGE VERSUS YIELD STRENGTH. 
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FIGURE 10. MAXIMUM STRESS VERSUS YIELD STRENGTH. 
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